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Executive Summary

Enhancements to the PIV seeding system in the NCPA Anechoic Jet
Laboratory were completed and standard 3-component PIV measurements
were acquired on the jet centerline. Auburn U. collaborators traveled to
U. Miss. to support a Plenopic PIV measurement of the jet. UT Austin
collaborators submitted an abstract to the 2013 ATAA Aeroacoustics meet-
ing which discusses our efforts to evaluate noise source indicators. Also,
the UT Austin collaborators submitted a manuscript to J. Fluid Mech. on
nonlinear distortion of the acoustic waveforms — work that was largely com-
pleted during year one. Finally, CRAFT Tech made significant progress on
completing the LES simulations of the 4 jet configurations of interest. The
time resolved data is being made available to the group for development
of noise source indicator calculations. Also, CRAFT Tech has made ad-
vancements in their beamforming framework in the computational domain.
Finally, NCPA hosted a site visit from stakeholders including B. Henderson
(ONR), J. Bridges (NASA), and A. Aubert (NAVAIR). The visit included
a summary presentation of year one accomplishments, an update on current
program status and results, and a tour of the NCPA facilities.
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1 Project Objectives and Status

1.1 Objectives Overview

Overall, the research effort has two primary objectives:

1. Acquire high-fidelity, time-resolved, synchronous flow-field and acoustic data on a lab-
oratory scale, hot, supersonic, shock-containing jet.

2. Advance the understanding of noise source indicators for these complex flows.

1.2 Project Status

During the first year of the prograin the focus was largely on the first of the primary ob-
jectives. This involved a joint experimental effort support by all the collaborators as well
as simultaneous development of a computational simulation of the jet conditions used in
the experiment. As the program now enters year two, the focus shifts more to the second
primary objective while efforts to acquire data are ongoing.

The year one efforts resulted in several accomplishments. Cold jet Mach 3 experiments
were conducted in the UT Austin facility allowing mapping of the acoustic field out to 140
jet diameters. This led to a greater understanding of the effects of nonlinear distortion in
supersonic jet noise. The results have been submitted to J. Fluid Mech. for publication (see
Appendix G). In the NCPA Anechoic Jet Facility, characteristic measurements were made for
the hot, shock-containing jet including single point pitot probe profiles, near-field pressure,
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and far-field (55D;) acoustics. The experimental work of the first year culminated in a joint
experiment that synchronized the near/far-field acoustic data with flow field measurements
acquired using Auburn’s MHz PIV system. However, this first experiment uncovered defi-
ciencies in the PIV seeding system and the high-speed camera that rendered the majority of
the data unusable. These deficiencies have been addressed and improvements will enable a
success in the year two experiments. In parallel with the experimental efforts, a computa-
tional simulation was performed by CRAFT Tech that matched the nozzle geometry, initial
conditions, and boundary conditions of the laboratory experiment. No other data from the
experiment was provided to the simulation allowing for a “blind” comparison between the
two. Cownparisons of the jet total pressure profiles and far ficld acoustic pressures have shown
very good agreement. In addition to the simulation itself, the framework for deploying a
beamforming array in the computational domain was established and will be used as an
array design tool for future experimental measurements.

An updated project chart is shown in Figure 1 which details the WBS items from the
SOW and the completion percentages as of the end of the reporting period. Key items of note
are highlighted in the chart. First, the end date for WBS 1.4 has been extended to the end
of the project period based on the exploratory nature of the research into noise indicators.
Second, the temperature profiles, WBS 2.1.4, were not completed during year one due to the
temperature probe failing in the hot jet. We are planning to improve the design of the probe
and perform these measurements during year 2. Efforts into documenting the experimental
uncertainties, WBS 3.3, have fallen behind schedule and will receive greater focus to bring
this task back on schedule.

2 Activity for Current Reporting Period

During the current reporting period, the focus has been on (a) initiating the exploration
of noise source indicators using the data from the computational simulation, (b) addressing
the deficiencies in the time-resolved PIV system, (c) completing the compilation of time-
resolved data from the computational simulations, (d) acquiring standard 3-component PIV
data, and (e) initiating planning of year two experimental efforts. These were discussed in
depth with government stakeholders during a site visit held at the NCPA on 2 November
2012 (sce Section 4). The discussions at the meeting will not be repeated here. Rather, the
presentation material has been included for reference as Appendices A-C.

In suinmary of the discussions at the technical interchange meeting, the primary accom-
plishments during the current reporting period are summarized below:

1. The PIV seeding system was successfully updated in the NCPA Anechoic Jet Labora-
tory. This system allows for injection of a pH balanced ethanol solution carrying 0.3
micron alumina power directly into the propanc burner thercby seeding the jet flow.

2. Standard 3-component PIV measurements were acquired using the new seeding system.
The acquisition plane was oriented on the jet symmetry plane, and image data were
acquired in three regions successively downstream of one another. Seed density and
image quality look very good. Analysis of the image data is currently ongoing.
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3. Compilation of all the time-resolved data from the computational simulations is ap-
proximately 95% complete. This data is being shared within the collaborative team
to facilitate exploration of noise source indicators. Analysis methodologies developed
will later be applied to experimental data during the year two cfforts.

4. Comparisons between the experiment and the computational simulation have been
performed showing very good agreement. Additional work is needed to detail the
uncertainty in the measurements to ground the comparisons.

5. The high-speed Cordin camera used for Auburn’s MHz PIV system has been sent back
to Cordin. They are working to eliminate the focusing and image acquisition problems
that hampered the year one experiments. At the same time, other options for optical
acquisition of flow-field data are being explored. Contact has been made with the
sellers of the Kirana camera. Dr. Thurow is seeking the opportunity to get Specialised
Imaging, Inc., to demo the camera at the NCPA during the year two experiments
allowing for acquisition of time-resolved data.

6. Flow-field data was acquired using Auburn’s Plenoptic PIV data in the region near
the nozzle exit (1-3 jet diameters downstream from the jet exit). Plenoptic imaging
provides for full-field reconstruction of a 3-space rcgion from a single image. The laser
system was used to illuminate a volume approximately 1.5 inches on a side. Both
image quality and illumination levels looked very good. Auburn is now processing the
data to determine the feasibility of further use of this method to obtain jet velocity
data.

3 Technical/Cost Status & Problem Areas

None

4 Publications, Meetings, and/or Travel

e On 2 November 2012, NCPA hosted the government stakeholders for a site visit. Those
in attendance included B. Henderson (ONR), J. Bridges (NASA), and A. Aubert
(NAVAIR) and presentations were given by NCPA (N. Murray) and CRAFT Tech
(P. Panickar) covering year one accomplishments and current efforts. Presentation
material has been included for reference as Appendices A-C. Also, the meeting min-
utes are attached in Appendix D.

e A conference paper titled “Localization of Acoustic Sources in Shock-Containing Jet
Flows Using Phased Array Measurements” was accepted for presentation at the 2013
AIAA Aerospace Sciences Meetings. The abstract for the paper is included here as
Appendix E.

e A conference paper titled, “Acoustic Source Indicators using LES in a Fully Expanded
and Heated Supersonic Jet,” was submitted for presentation at the 2013 AIAA Aeroa-
coustics conference. The abstract is included here as Appendix F.
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e Dr. Tinney, along with students Baars and Wochner, submitted the manuscript, “Non-
linear Distortion of Acoustic Waveforms from High-Speed Jets,” to J. Fluid Mech. This
paper represents work conducted at UT Austin under year one of this program. As
such, the manuscript is included here as Appendix G.

5 Planned Activities for Next Reporting Period

¢ Continue analysis of noise source indicators using the computational simulation data.

Complete analysis of the 3-component PIV data.

Complete the conference paper “Localization of Acoustic Sources in Shock-Containing
Jet Flows Using Phased Array Measurements” and present it at the 2013 AIAA
Aerospace Sciences Meeting.

Bring the uncertainty analysis efforts up to date.

Finalize arrangements for year 2 experimental efforts to be conducted in Spring 2013.
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Appendix A: NCPA TIM - Status Update

APPENDIX A — PAGE A-1
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Overview Program Status and Plans
U. Miss Technical Interchange Meeting

N00014-11-1-0752

Office of Naval Research

Arlington, VA 22203-1995

Contract Monitor: Brenda Henderson

Prepared By:

Nathan E. Murray

National Center for Physical Acoustics (NCPA)
University of Mississippi

University, MS 38677

(662) 915-3190

nmurray @olemiss.edu

1 November 2012

THE UNIVERSITY OF MISSISSIPP)

NO00014-11-1-0752 :: Technical Interchange Meeting :: Status Update Page 2

AGENDA

> Overview Program Status and Plans

> Progress Since Year End Meeting

> Break

> Progress on Computational Efforts and Source Identification
> Discussion of Broader Impact

> Tour of NCPA Facilities and Demo Jet Lab Operation

> Lunch (sandwiches provided)

> NCPA Capabilities in Acoustic Propagation

> Closing Discussions
|

THE UNIVERSITY OF MISSISSIPPI

APPENDIX A — PAGE A-2
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OBJECTIVES
> Exp. Characterization of Hot, Shock-Containing, Supersonic Jets

— Temporal characterization of the development of large-scale structures
— Synchronous pressure measurements in the hydrodynamic periphery
— Simultaneous far-field acoustic measurements

> Advance Understanding of Relevant Noise Sources
> Quantify Linear and Non-Linear Coherence/Propagation

> Advance Computational Modeling and Noise Source Localization

THE UNIVERSITY OF MISsiIssIippl

TIO [\ TOR

NO0Q14-11-1-0752 :: Technical Interchange Mccting :: Status Update Page 4

YEAR 1 ACCOMPLISHMENTS

> Cold Jet Mach 3 Experiments at UT Austin

> Single Point Probe Measurements of NCPA Jet

> Near/Far-Field Acoustic Measurements at NCPA

> First Joint Experiment HDR/MHz PIV with Acoustics

> CFD Simulations of NCPA Configuration Validated with Exp. Data

> Computational Beamforming Framework Established

THE UNIVERSITY OF MISSISSIpPI

ATIONAL CENTER FOR PHYSICAL ACOUSTICS

APPENDIX A — PAGE A-3
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YEAR 1 ACCOMPLISHMENTS
’ ¥ Aaechels R e @ KRR

NOOO14-11-1-0752 :: Technical Interchange Meeting :: Status Update Page 6

YEAR 1 ACCOMPLISHMENTS

7> Largely Student Led Effort

— Students in Residence at U. Miss. for
joint experimental efforts.

> Comp. Exp. at U. T. Austin

— NCPA supplied UT Austin with a
Mach 3 nozzle geometry for cold jet
studies complementing the
experiments at NCPA.

APPENDIX A — PAGE A-4
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YEAR 1 ACCOMPLISHMENTS
RELATED PUBLICATIONS AND CONFERENCE PRESENTATIONS

® Baars, Tinney, Murray, Jansen & Panickar, “The Effect of Heat on Turbulent Mixing Noise in Supersonic Jets.” In 494
AlAA Aerospace Sciences Meeting and Exhibit, Paper AIAA-2011-1029, Orlando, FL, 2011.

o Baars, Tinney, & Wochner, “Nonlinear Noise Propagation from a Fully Expanded Mach 3 Jet” In 50" AJAA Aerospace
Science Meeting and Exhibit, Paper AIAA-2012-1177, Nashville, TN, 2012.

b Murray, Lyons, Tinney, Donald, Baars, Thurow, Haynes & Panickar, “A Laboratory Framework for Synchronous
Near/Far-Field Acoustics and MHz P1V in High-Temperature, Shock-Containing, Jets.” Proceedings of the Internoise
2012/ASME NCAD Meeting, Paper ASME/NCAD-1270, New York, NY, 2012 [invited].

> Baars, Tinney & Wochner, “Nonlinear Distortion of Acoustic Waveforms from High-Speed Jets.”” Journal of Fluid
Mechanics [submitted).

> Panickar, Sinha & Murray, “Localization of Acoustic Sources in Shock-Containing Jet Flows Using Phased Array
Measurements.” In 51¥ AIAA Aerospace Sciences Meeting and Exhibit, [abstract accepted).

> Fiévet, Tinney, Murray, Lyons & Panickar, “Acoustic Source Indicators Using LES in a Fully Expanded and Heated
Supersonic Jet” In 19% AJAA/CEAS Aeroacoustics Conference, [abstract submitted].

NO0014-11-1-0752 :: Technical Interchange Mecting =: Status Update Page 8
PLANS FOR YEAR 2
> Implement a pH-Balanced Fluid-Based Seeder System /

> Acquire Additional Characteristic Data

— Schlieren Imaging /
— Standard 3-Component PIV /
— Additional Probe Based Measurements: Total Temperature

> Complete Final CFD Iterations (98% complete)

> Address Software & Optics Issues with Camera System

— Camera currently with Cordin to solve software issues.

> Perform a Second Joint Experiment

— Plans in place for Spring 2013

' > Focus on Data Analysis and Noise Source Characterization

FHE UNIVERSITY OF MISSISSIPPI :1
NATIONAIL CENTER FOR PHYSICAIL ACOUSTICS < |

APPENDIX A — PAGE A-5
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NOOOI4-11-1-0752 :: Technical Interchange Meeting :: Status Update

PLANS FOR YEAR 2
COMMENTS ON JOINT EXPERIMENT

Page 9

> Conducting Analysis of CFD Data to Inform Exp. Plans

> Exploring Options for Flow Field Measurement

— Plenoptic PIV for Volumetric Velocity Measurements
* Significant for computing Lighthill stress gradient tensor components.
— Alternate camera for HDR PIV:

* Kirana Ultra High Speed Video Camera
* 2 MHz maximum at full-frame with 180 frames per capture
* Seeking to arrange a demo with the company in Spring 2013.

APPENDIX A — PAGE A-6
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Appendix B: NCPA TIM - Current Progress

APPENDIX B — PAGE B-1
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Discussion of Current Progress
U. Miss Technical Interchange Meeting

N00014-11-1-0752

Office of Naval Research

Arlington, VA 22203-1995

Contract Monitor: Brenda Henderson

Prepared By:

Nathan E. Murray

National Center for Physical Acoustics (NCPA)
University of Mississippi

University, MS 38677

(662) 915-3190

nmurray @olemiss.cdu

2 November 2012
THE UNIVERSITY OF MISSISSIPPI

NOOO14-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date ‘ Page 2

~ OVERVIEW OF CURRENT EFFORTS

> Work on Noise Source Indicators

— Developing Application of Seiner’s Approach

- Time Dependent Approach
> Addressing Limitations in Year 1 Experiment

— PIV Seeding System Update

— Cordin Camera Updates

— Exploring Other Flow Measurement Options (Plenoptic P1V)
> Experimental Characterization of the Jet Flow

— Schlieren Visualization
— Standard 3-Component PIV for Comparison to CFD and HDR-PIV

> Beamforming Analysis Applied to CFD Data

APPENDIX B - PAGE B-2
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WORK ON NOISE SOURCE INDICATORS

“What are you planning to do with this experimenlal dala you are collecting with MHz PIV?”

> Methods for Identifying Noise Source Generation

— Resolving Time Derivatives of the Stress Tensor
— Resolving Phase Differences in the Strain & Rotation Rate Tensors

> Resolving Time Derivatives of the Stress Tensor
I(y) = XiX jXgX) a*
Y = Tem2adppd Jy 918

— Resolving 4-order time derivatives of 2-point correlations like (uu juju})

(T;Tyy) d7 (1)

— What sample rate is necessary?
— Only now at a point where we can use the CFD to start evaluation.

> Side Note

— 1 us intra-frame spacing typical at these flow speeds (MHz rate)
— MHz-PIV system allows selectable inter-pair spacing up to MHz rate

NATIONAL CENTER FOR PHYSICAL ACQUSTICS
NO00014-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 4|

WORK ON NOISE SOURCE INDICATORS
SEINER’S “RATIONAL” APPROACH

> Recognizing Source is Double Divergence of Velocity Stress

0 d (1

a—xj(u,'uj) = — & jxUj0+ a—x, (zujuj) 2)
0% (uiu;) du;\ [ du;
W = —& j(sijop +rijor) + (a—x) <a—xj> (3)

- si; — Strain Rate Tensor
- rij — Rotation Rate Tensor

> Seiner Postulates

— Tennekes & Lumley (1972) suggest that s;; and r;; terms should cancel.

— BUT - Seiner notes that instantaneously the phase differences between the terms
would cause them to be significant.

APPENDIX B — PAGE B-3
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NO0O14-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 5

WORK ON NOISE SOURCE INDICATORS
SEINER’S “RATIONAL” APPROACH

> Is Compressibility An Issue?

— Seiner’s approach falls into the broader vortex methods category:
* Requires that V-V = 0.

— We are currently evaluating this claim to discern the applicability of the approach
to the current data.

d

ou; % _ %%) (4)

I, ki) =2 (a— 9x 9% 9%
2 du;du; (1Dp\?
a_xj(uluj) =2 (a_x,a_x, = (EE (5)
— Compute (5) from time resolved CFD and compare to full Lighthill 7;; to

determine relevance of compressibility in using Siener’s Approach as a noise
source indicator.

OF MISSISSIPPI

FITE UNIVERSITY

NO0OO14-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 6

WORK ON NOISE SOURCE INDICATORS
PRELIMINARY RESULTS TO DATE

> Calculation of the “Noise Source Indicator”

z/D

— Above: Instantaneous Snapshot of the Indicator for the Pressure Matched Jet
2
— Next: Compute full DT?&T,T' j to Compare

> What of the Phase Relationship?

FHE UNIVERSITY OF MISSISSIPPI

APPENDIX B — PAGE B-4
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N0O0G14-11-1-0752 :: Technical Interchange Mceting :: Year 2 Progress to Date Page 7.

WORK ON NOISE SOURCE INDICATORS
NEXT STEP — STRAIN AND ROTATION RATE PHASE

> Note the Tensor Products are Scalar Quantities:

0% (uu;
—é-)%%iz = —& jk(8ijx + rijx) (6)
- =S(%1)+R(1) ™)

> Transform to Fourier Space to Evaluate Phase
G, f) =58E f)+RE, 1) (8)
o e

, J)=t ! Ty 9
y(X,f) = tan RC 9)

> Evaluate Coupling to Acoustic Propagation

—In what f range are S and R out of phase?
— How does this couple to acoustically propagating wave numbers?

NATIONAL CENTER FOR PHYSICAL ACOUSTICS @

NO0OO14-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 8

__P_REPABATIONS FOR YEAR Z_EXPERIMENT
PIV SEEDING SYSTEM UPDATE

> Upgrades to Seed System to
Employ pH-Balanced Ethanol
Solution
— Funded by NAVAIR program. |
— Mark Wernet provided details.
— Built setup to test seed delivery in
propane nozzle.
— Installed and tested new system with
standard PIV setup.

NATIONAL CENTER FOR PHYSICAL ACOUSTICS @J

APPENDIX B — PAGE B-5
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NO0014-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 9

PREPARATIONS FOR YEAR 2 EXPERIMENT

PIV SEEDING SYSTEM UPDATE

" ’““‘M"mlm.m‘m"“'

PP o i

Both propane and ethanol/seed solution injected into burner through a single spray nozzle.

NOO0O14-11-1-0752 :* Technical Interchange Meeting :: Year 2 Progress to Date Page 10

PREPARATIONS FO}S YEAR 2 EXEE&MENT -
PIV SEEDING SYSTEM UPDATE

THE UNIVERSITY OF MISSISSIPPI .
NATIONAL CENTER FOR PHYSICAL ACQUSTICS

APPENDIX B — PAGE B-6
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NOOC14-11-1-0752 :: Technical I h Meeting :: Year 2 Progress to Date Page 11

PREPARATIONS FOR YEAR 2 EXPERIMENT

PIV SEEDING SYSTEM UPDATE

Much improved results as evidenced by recent PIV measurements.

NO00014-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 12

PREPARATIONS FOR YEAR 2 EXPERIMENT
CORDIN CAMERA UPDATES

> Story on the Cordin Camera

— Took delivery on camera 2 weeks prior to moving system to U. Miss.
— Focus depends on each of the 8 internal units being precisely aligned.
* One of the units found so out of focus that none of the image were useful.
— Software limitations caused the camera to crash repeatedly and loose image data.

— Auburn focused on and completed a suite of data analysis methods to analyze the
image data.

> Current Status

— Cording currently addressing the two main issues: focus & software.

> Exploring Other Flow Measurement Options:

— Alternate camera options — Kirana
—Plenoptic PIV - Volumetric 3-component PIV (not time resolved)
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EXPERIMENTAL CHARACTERIZATION OF THE JET

> Measurements for Characterization and Validation

— Schlieren Photography
* Measure spread rate, shock cell spacing, etc.
— 3-Component Planar PIV
* Validate improved seed system in preparation for Spring 2013 experiments.
* Acquire single- and two-point statistics for comparison to CFD and HDR-PIV.
* Use data to evaluation two-point statistics for noise source terms.

SCHLIEREN PHOTOGRAPHY

> PCO.Edge camera for image acquisition
> Xenon spark lamp for illumination (micro-sec pulse width)
> 6-inch parabolic mirrors for collimation

> Folded Z-planform optical arrangement

FHHE UNIVERSITY OF MISSISSIPPI
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EXPERIMENTAL CHARACTERIZATION OF THE JET _

SCHLIEREN — PRESSURE MATCHED WITH CENTERBODY

l>Mj =1.74, Tj = 1350°F
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EXPERIMENTAL CHARACTERIZATION OF THE J ET

SCHLIEREN — OVER-EXPANDED WITH CENTERBODY

>M;=1.55,Tj = 1350°F

THE UNIVERSITY OF MISSISSIPPY
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EXPERIMENTAL CHARACTERIZATION OF THE JET

PIV MEASUREMENTS — PRELIMINARY RESULTS

NATIONAL CENTER FOR PHYSICAL ACOUSTICS @
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TOWARD ACTIVE CONTROL OF NOISE FROM
HOT SUPERSONIC JETS

Contract No. N00014-11-1-0752
Office of Naval Research (ONR)
Contract Monitor: Joseph Doychak, joseph.doychak@navy.mil, 703-696-7646

Program Status Review
November 2", 2012
Attendees: Brenda Henderson, James Bridges, Allan Aubert, NCPA, CRAFT Tech

Prepared By:

Praveen Panickar, James Erwin and Raj Sinha
Combustion Research & Flow Technology, Inc. (CRAFT Tech)
6210 Keller's Church Road, Pipersville, PA 18947
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sinha@craft-tech.com
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SUMMﬁRY OF CRAFT TECH’S |
ESPONSIBILITIES

o Hybrid RANS-LES (HRLES) simulations of experimental configurations,
¢ Comparison between experimental measurements and CFD simulations,

¢ Develop phased array methodology in the CFD domain and determine locations
of acoustic sources,

¢ Provide time-resolved flowfield data to aid in experimental planning.

S
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CURRENT STATUS OF CFD SIMULATIONS

o HRLES simulations for four conic nozzle configurations in progress:

— Conic nozzle with centerbody operating at pressure matched condition,
- Conic nozzle with centerbody operating at overexpanded condition,
— Conic nozzle without centerbody operating at pressure matched condition,
— Conic nozzle without centerbody operating at overexpanded condition.
e Mean-flow and farfield acoustic calculations for 3 configurations available;

continuing iterations for the fourth configuration as well as for phased-array
calculations and to obtain the time-resolved flowfield.

e Using supercomputing resources from the Department of Defence High
Performance Computing Modernization Program (DoD HPCMP) for
simulations; NAVY: CRAY XTS5 system, °‘Einstein’, ERDC: CRAY XE6
system, ‘Garnet’, and ORS: CRAY XE6 system ‘Chugach’ and ‘Copper’.

o Simulations take ~220k CPU hours per configuration, and ~15k CPU hours for
post processing.

o Generate ~120 gigabytes of data per configuration.
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GRID TOPOLOGY

e 6.3 million grid points within the nozzle and in the jet flow,

o Primary goal of calculations is to validate and provide guidance for experimental
measurements and establish post processing methodology for beamforming
calculations.

e Grid resolution will be refined in next round of calculations:

~ Increased grid resolution in near nozzle regions and within the shear layer
will improve calculations of exit turbulent structures,

~ Improved prediction of jet flow features such as potential core length and
shear layer development,

——

— Improved prediction of spectral characteristics, especially at higher
frequencies.
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HRLES SIMULATION RESULTS - MEAN FLOW

CoONIC NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION

u bar: 100 271 442 613 784 955

o Time resolved simulations: CFD timestep = 5.0e-8 seconds,
¢ Wake from centerbody clearly seen

¢ Double-diamond shock cell structure due to shocks downstream of the sharp
throat and at the nozzle exit can also be clearly seen.
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HRLES SIMULATION - MEAN FLOW

Y. [inches]

-100 0 100 200 300 400 500
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0 2 4 6 8 10 12

MEAN STREAMWISE VELOCITY

Mean U velocity for jet from conic nozzle with centerbody

X, [inches])

600 700 800 900 1000
U (m/s)

Top: Overexpanded operation, bottom: Pressure matched operation.

HRLES SIMULATION - MEAN FLOW

Y. [inches]
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MEAN STREAMWISE VELOCITY

Mean U velocity for jet from conic nozzle with and without centerbody

18 20

4 6 8 10 12 14 16

X, [inches]

100 200 300 400 500 600 700
U (m/s)

800 900 1000

Pressure matched operation.
Top: With centerbody, bottom: Without centerbody.
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HRLES SIMULATION - MEAN FLOW

MEAN PRESSURE

Mean pressure for jet from conic nozzle with centerbody

Y. [inches]

0
X, [inches]

150 160

70 80 90 100 110 120 130 140
P (kPa)

Top: Overexpanded operation, bottom: Pressure matched operation.

60

|i ® Page 7 e Prev e Next e Last e Full Screen e Close

HRLES SIMULATION - MEAN FLOW

MEAN PRESSURE

Mean pressure for jet from conic nozzle with and without centerbody

Y. [inches]

4 6 8 10 12 14 16 18 20
X, [inches]

90 100 110 120 130 140 150 160
P (kPa)

Pressure matched operation.
Top: With centerbody, bottom: Without centerbody.
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HRLES SIMULATION - FLUCTUATING FLOW

STREAMWISE VELOCITY

RMS U velocity for jet from conic nozzle with centerbody

Y. [inches)

0 2 4 6 8 10 12 14 16 18 20
X, [inches]

0 20 40 60 80 100 120 140 160 180 200 220
u' (m/s)

Top: Overexpanded operation, bottom: Pressure matched operation.

S
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HRLES SIMULATION - FLUCTUATING FLOW

STREAMWISE VELOCITY

RMS U velocity for jet from conic nozzle with and without centerbody

Y, [inches]

0 2 4 6 8 10 12 14 16 18 20
X, [inches]

0 20 40 60 80 100 120 140 160 180 200 220

Pressure matched operation.
Top: With centerbody, bottom: Without centerbody.
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HRLES SIMULATION - FLUCTUATING FLOW

PRESSURE

RMS pressure for jet from conic nozzle with centerbody

Y, [inches)

0 2 4 6 8 10 12 14 16 18 20
X, [inches)
0 2 4 ) 8 10 12 14 16 18 20
p (kPa)

Top: Overexpanded operation, bottom: Pressure matched operation.
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HRLES SIMULATION - FLUCTUATING FLOW

PRESSURE

RMS pressure for jet from conic nozzle with and without centerbody

Y, [inches]

16 18 20

2 4 8 8 10 12 14
P (kPa)

Pressure matched operation.
Top: With centerbody, bottom: Without centerbody.
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HRLES SIMULATION - MEAN FLOW
COMPARISON

CoNIC NozzLE WITH CENTERBODY, PRESSURE MATCHED OPERATION

¢ Uncertainty with regards to actual position of pitot probe in supersonic flow,
e Size of probe is of the order of the size of the slip plane,

e PIV data can hopefully reduce these uncertainties and allow for better
comparison between experiments and simulations.

&CHAF T Tech
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HRLES SIMULATION - MEAN FLOW
COMPARISON

CONIC N0ZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION
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e Discrepancy in experimental and CFD data may be due to uncertainty associated

g with experimental data...
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HRLES SIMULATION - MEAN FLOW
COMPARISON
CoNIC NozzZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION
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HRLES SIMULATION - FARFIELD ACOUSTICS

o CFD iterations run with an acoustic data surface (ADS) in place; the time
resolved data recorded on this ADS is used as an input to compute the noise
at the farfield microphone locations using the Ffowcs-Williams and Hawkings

g (FW-H) method.
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HRLES SIMULATION - FARFIELD ACOUSTICS
Conic nozzle with centerbody - pressure matched operation
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HRLES SIMULATION - FARFIELD ACOUSTICS
Conic nozzle with centerbody - overexpanded operation
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HRLES SIMULATION - FARFIELD ACOUSTICS

Conic nozzle without centerbody — pressure matched operation
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HRLES SIMULATION - SPECTRA

Conic nozzle with centerbody ~ pressure matched operation
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HRLES SIMULATION - SPECTRA

Conic nozzle with centerbody - pressure matched operation
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HRLES SIMULATION - SPECTRA

Conic nozzle with centerbody - pressure matched operation
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INSIGHTS FROM INITIAL CFD CALCULATIONS

o First pass grid does a good job of capturing overall farfield acoustic properties
and spectral characteristics at lower frequencies.

e Agreement in comparison of centerline profiles between experiments and CFD
within bounds of experimental uncertainty and numerical assumptions.

e Next step: apply grid refinement techniques and perform calculations on
improved grid.

Sz
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PHASED ARRAY CALCULATIONS

PROS AND CONS OF PHASED ARRAY CALCULATION IN CFD DOMAIN

o Use acoustic data surface and Ffowcs-Williams Hawking method to calculate
time resolved data at desired microphone location; these locations may not be
feasible in a laboratory setting due to spatial or flowfield restrictions.

¢ Allows for rapidly reconfigurable phased arrays of different designs that can be
used to simultaneously *“view” the jet flowfield,

— Can use different phased array design for different frequencies of interest
without associated costs of building and setting up a new array.

e Allows for use of many more microphones than practically feasible in
experimental work.

e The challenge lies in obtaining ‘enough’ ensembles in order to sufficiently
resolve cross-correlation estimates between the microphones.
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EXPERIMENTAL PHASED ARRAY STUDY

EFFECT OF NUMBER OF ENSEMBLES

e Linear array of 32 microphones with logarithmically varying spacing between
them,

¢ Selected configuration of cold, overexpanded jet from a conic nozzle with a
centerbody,

e Sample rate = 100 kHz, 1024 x 1024 samples acquired.

e Traditional delay-and-sum (DAS) beamforming calculations.
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EXPERIMENTAL PHASED ARRAY STUDY

128 ENSEMBLES
¢ Blocksize of 8192 points, A f = 12.21 Hz...
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EXPERIMENTAL PHASED ARRAY STUDY

8 ENSEMBLES
o Blocksize of 4096 points, A f = 24.41 Hz...

Locsitzaton of noise sources
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EXPERIMENTAL PHASED ARRAY STUDY

4 ENSEMBLES
o Blocksize of 4096 points, A f = 24.41 Hz...

Localization of noise sources
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o Prefer between 4-8 ensembles.
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EXPERIMENTAL RESULTS

CoNiCc NoZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION

¢ Experimental beamforming studies of the linear array seem to indicate noise
sources up to 30 inches downstream of the jet at a range of frequencies.

o At higher frequencies, there seem to be a secondary region of sources at higher
axial locations.

S
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PHASED ARRAY DESIGN I

¢ Three types of array design considered:

- Microphones arranged in concentric circles (8 microphones per arm, 5 arms
+ one microphone at center = total 41 microphones),

- 2D log-spiral arrangement of microphones (9 microphones per arm, 5 arms
= total 45 microphones),

- Microphones arranged in a spiral cage array (31 microphones per arm, 5 arms
=total 155 microphones),

¥, [inches| A X. finches)
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CFD PHASED ARRAY METHODOLOGY

¢ Using FWH method, obtain time resolved, fluctuating pressure data at phased
array microphone locations,

¢ Calculate and save cross-spectral matrices (CSM) at each narrowband frequency,
Gy (m,n), where m and n are microphone indices and f is the narrowband
frequency,

— Hanning window applied in time domain,

— 6 bins containing 4096 points each, frequency resolution, A f = 48.83 Hz,

— Diagonal elements of the CSM are deleted (reduces self noise from
microphones),

¢ Perform classical beamforming (a.k.a delay-and-sum beamforming) calculations
in the X — Y (streamwise-vertical) plane with spatial resolution of Az = Ay =
0.25 inches.

¢ Array offset for 2D phased arrays = 72 inches.

¢ Beamforming results presented in 1/3rd octave bands by summing beamforming
results at each constituent narrowband frequency between the high and low
frequency limits of that band.

S
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CFD OCTAVE BAND BEAMFORMING RESULTS

2 KHz CENTER FREQUENCY, SPIRAL CAGE ARRAY

i =11
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CFD OcCTAVE BAND BEAMFORMING RESULTS

3.15 KHZ CENTER FREQUENCY, SPIRAL CAGE ARRAY

s
(AS Ouiput 1136 1149 1162 1175 1188 1201 1214 1227 124 1263

I ® Page 33 e Prev e Next e Last e Full Screen e Close

CFD OCTAVE BAND BEAMFORMING RESULTS

5 KHz CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS
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CFD OCTAVE BAND BEAMFORMING RESULTS

8 KHz CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS
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CFD OCTAVE BAND BEAMFORMING RESULTS

10 KHZ CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS
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CFD OCTAVE BAND BEAMFORMING RESULTS

12.5 KHZ CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS
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CFD OCTAVE BAND BEAMFORMING RESULTS

16 KkHz CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS
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INSIGHTS FROM CFD BEAMFORMING

¢ DAS beamforming shows the presence of acoustic sources that appear to move
closer to the jet exit as the 1/3rd octave band center frequency is increased.

— At the lower frequency the source region extends as much as 12-15 nozzle
diameters downstream of the nozzle exit,
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